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(54)  Divergent  ultrasound  arrays. 
Qj)  An  ultrasound  hyperthermia  unit  for  the  treatment  of  a 
target  tissue,  includes  an  ultrasound  transducer  array  (1)  an- 
gled  to  direct  sonic  energy  toward  a  target  (8),  wherein  the 
array  (1)  comprises  a  plurality  of  divergent  transducers  (2) 
arranged  radially  of  a  central  axis  to  provide  a  coherent  treat- 
ment  field  about  a  central  axis. 

Temperature  sensing  means  (10)  maybe  operative 
associated  with  the  array  and  adapted  to  provide  an  output 
signal  indicative  of  temperature  values  adjacent  a  target 
tumour,  said  signal  being  utilized  to  control  the  output  of  the 
transducers. 

A  liquid  bath  (5)  may  be  provided  for  location  between 
the  array  (1)  and  the  skin  (4)  of  a  patient,  said  liquid  bath 
being  adapted  to  warm  or  induce  local  hyperthermia  in  the 
skin  surface.  The  divergent  array,  when  associated  with  a 
water  bath  allows  a  particularly  effective  treatment  of  phys- 
iotherapeutic  conditions  or  neoplastic  tissues  without  pre- 
viously  experienced  colateral  damage. 
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"DIVERGENT  ULTRASOUND  ARRAYS- 

DESCRIPTION 

5 

The  p r e s e n t   i n v e n t i o n   r e l a t e s   to  d i v e r g e n t   u l t r a s o u n d  

a r r a y s   of  t r a n s d u c e r s   a d a p t e d   to  t r e a t   m e d i c a l  

c o n d i t i o n s   r e s p o n s i v e   to  u l t r a s o u n d   s u c h  

as  p h y s i o t h e r a p e u t i c   c o n d i t i o n s   and  t h e   t r e a t m e n t   o f  

10  n e o p l a s t i c   t i s s u e s   by  u l t r a s o u n d   h y p e r t h e r m i a   . 

In  p h y s i o t h e r a p y   i t   has  been   known  to  use   a n  

u l t r a s o n i c   t r a n s d u c e r   in  c o n t a c t   w i t h   t h e   s k i n   t o  

t r e a t   v a r i o u s   p a i n   i n d u c i n g   c o n d i t i o n s   in  t h e   j o i n t s  

15  f o r   e x a m p l e .   The  use  of  t h e s e   u l t r a s o u n d   t r a n s d u c e r s  

of  t he   c o n v e r g e n t   v a r i e t y   i s   l i m i t e d   b e c a u s e   t h e  

t r a n s d u c e r   head   must  be  in  i n t i m a t e   c o n t a c t   w i t h   t h e  

s k i n ,   and  in  t h a t   t he   power  o u t p u t   c a n n o t   be  r a i s e d  

too   f a r   b e c a u s e   l o c a l   h e a t i n g   of  t he   s k i n   e x c e e d s  

20  p a t i e n t   t o l e r e n c e .   A c c o r d i n g l y ,   o n l y   f a i r l y   l o w  

u l t r a s o u n d   i n t e n s i t i e s   can  be  a p p l i e d   to  a f f e c t e d  

p a r t s ;   u l t r a s o u n d   t r e a t m e n t s   in  d e p t h   a r e   n o t  

p o s s i b l e   . 
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F o c u s e d   c o n v e r g e n t   a r r a y s   a r e   a l s o   i m p r a c t i c a l   b e c a u s e   o f  

t he   d i f f i c u l t i e s   in  p r o v i d i n g   an  a c o u s t i c   f o c u s   at  a n  

a p p r o p r i a t e   p o i n t   h a v i n g   r e g a r d   to  the   p r e s e n c e   o f  

bone   e t c . ,   p a r t i c u l a r l y   w i t h   t he   added   r e q u i r e m e n t  

5  t h a t   w i t h   most  t h e r a p e u t i c   c o n d i t i o n s   no  i n v a s i v e  

t e m p e r a t u r e   s e n s o r s   can   be  u t i l i z e d .  

L o c a l   h y p e r t h e r m i a ,   in  w h i c h   t e m p e r a t u r e s   n o r m a l l y   i n  

t he   r a n g e   b e t w e e n   42°  and  46°C  a re   m a i n t a i n e d   fo r   p e r i o d s  

10  f rom  a  few  m i n u t e s   up  to  s e v e r a l   h o u r s   in  n e o p l a s t i c  

t i s s u e ,   has  been   f o u n d   to  be  b e n e f i c i a l   fo r   t h e  

t r e a t m e n t   of  c a n c e r   in  c a s e s   w h e r e   the   whole   t u m o u r  

can  be  p r o p e r l y   h e a t e d   and  the   s u r r o u n d i n g   n o r m a l  

t i s s u e s   can  be  s p a r e d .   Many  m e t h o d s   of  p r o d u c i n g  

15  l o c a l   h y p e r t h e r m i a   in  c a n c e r   p a t i e n t s   have  b e e n  

s u g g e s t e d   and  t e s t e d .   R e c e n t l y   t r e a t m e n t   o f  

s u p e r f i c i a l   human  n e o p l a s m s   by  l o c a l   h y p e r t h e r m i a  

i n d u c e d   by  u l t r a s o u n d   has   been   shown  to  be  u s e f u l .  

20  For  u l t r a s o n i c a l l y - i n d u c e d   l o c a l   h y p e r t h e r m i a   t h e  

e l e v a t i o n   of  t e m p e r a t u r e   i n s i d e   t i s s u e   is  a f f e c t e d   by  

the   u l t r a s o n i c   a b s o r p t i o n ,   the   b l o o d   p e r f u s i o n   r a t e ,  

t h e   t h e r m a l   c o n d u c t i v i t y   of  t he   t i s s u e ,   and  the   c h o i c e  

of  t r a n s d u c e r   p a r a m e t e r s .   I t   has  been  shown  t h a t   t h e  
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t e m p e r a t u r e   d i s t r i b u t i o n   p r o d u c e d   by  a  s i n g l e  

c o n v e r g e n t   f o c u s e d   u l t r a s o n i c   beam  i s   v e r y   s h a r p   e v e n  

in  t he   s t e a d y - s t a t e   s i t u a t i o n s   where   t h e   t h e r m a l  

c o n d u c t i o n   and  b l o o d   p e r f u s i o n   s m o o t h   i t .   M o r e o v e r ,  

5  we  have   f o u n d   t h a t   t h e   t r e a t e d   v o l u m e s   a r e   u s u a l l y   n o t  

l a r g e   e n o u g h   f o r   most   of  t he   c l i n i c a l   c a s e s .  

In  our  E u r o p e a n   A p p l i c a t i o n   No:  0  111  386  we  h a v e  

d e s c r i b e d   an  a r r a y   of  s o n i c   t r a n s d u c e r s   r a d i a l l y  

10  d i s p o s e d   a b o u t   an  a x i s ,   a n g l e d   to  d i r e c t   s o n i c   e n e r g y  

t o w a r d   s a i d   a x i s   at  a  p o i n t   of  a c o u s t i c   f o c u s   r e m o t e  

t h e r e f r o m ,   and  t e m p e r a t u r e   s e n s i n g   means   f o r  

a s s o c i a t i o n   w i t h   t h e   p o i n t   of  a c o u s t i c   f o c u s   w h e r e b y   a 

or  e a c h   t r a n s d u c e r   i s   a d a p t e d   f o r   r e l a t i v e   a n g u l a r  

15  movement   t h e r e b y   to  a l l o w   a d j u s t m e n t   of  t he   s h a p e  

a n d / o r   p o s i t i o n   of  t h e   a c o u s t i c   f o c u s   in  r e s p o n s e   t o  

an  o u t p u t   f rom  t he   t e m p e r a t u r e   s e n s i n g   m e a n s .  

A  s y s t e m   u t i l i z i n g   c i r c u l a t i n g   warm  w a t e r   i n  

20  c o n j u n c t i o n   w i t h   m u l t i p l e   d i v e r g e n t   u l t r a s o n i c   b e a m s  

to  a c h i e v e   l o c a l   h y p e r t h e r m i a   has  a l s o   been   d e s c r i b e d  

in  t he   a b o v e   E u r o p e a n   P a t e n t   A p p l i c a t i o n .  
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When  a  s i n g l e   s t e e r e d ,   f o c u s s e d   u l t r a s o n i c   beam  i s  

u s e d ,   o n l y   a  s m a l l   p o r t i o n   of  the   t u m o u r   t i s s u e   i s  

h e a t e d   at  one  t i m e ,   t h e   e l e v a t i o n   of  t e m p e r a t u r e  

i n s i d e   t u m o u r   is   c o m p l e t e l y   d e p e n d e n t   upon  t h e  

5  a v e r a g i n g   e f f e c t   i n d u c e d   by  t h e r m a l   c o n d u c t i o n   a n d  

b l o o d   p e r f u s i o n   in  t i s s u e .   The  p o s s i b i l i t y   o f  

u n d e r - h e a t i n g   or  o v e r - h e a t i n g   a  c e r t a i n   p o r t i o n   o f  

t i s s u e   e x i s t s   as  t he   b l o o d   p e r f u s i o n   r a t e   w i l l   c h a n g e  

d u r i n g   t r e a t m e n t   b e c a u s e   of  v a s o d i l a t i o n .  

10  F u r t h e r m o r e ,   l a c k   of  h o m o g e n e i t y   in  b l o o d   f l ow  a n d  

i n h o m o g e n e i t y   in  u l t r a s o n i c   a b s o r p t i o n   in  t u m o u r   w i l l  

g r e a t l y   a f f e c t   the   t e m p e r a t u r e   d i s t r i b u t i o n .  

M o r e o v e r ,   a  s i n g l e   s t e e r e d   and  f o c u s s e d   u l t r a s o n i c  

beam  t a k e s   a  l o n g e r   t i m e   to  h e a t   up  a  who le   t u m o u r   t o  

15  a  t h e r a p e u t i c   t e m p e r a t u r e   l e v e l ,   and  a l s o   i n v o l v e s  

much  h i g h e r   i n s t a n t a n e o u s   i n t e n s i t i e s .  

The  a r r a y   in  a c c o r d   w i t h   our   E u r o p e a n   P a t e n t  

A p p l i c a t i o n   No:  0  111  386  a l t h o u g h   e f f e c t i v e   r e q u i r e s  

20  in  p r a c t i c e   the   p r o v i s i o n   of  c o m p u t e r   c o n t r o l l e d  

s t e p p i n g   m o t o r s   to  a l t e r   t h e   f o c a l   p o i n t s   of  t h e  

m o v a b l e   t r a n s d u c e r   a r r a y   in  r e s p o n s e   to  o u t p u t s   f r o m  

s a i d   t e m p e r a t u r e   s e n s i n g   m e a n s ,   and  t h i s   adds   to  t h e  

c o m p l e x i t y   and  c o s t   of  t h e   d e v i c e .  

2 5  
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We  have   now  f o u n d   t h a t   e x c e l l e n t   t h e r a p e u t i c   r e s u l t s  

can  be  a c h i e v e d   by  u s i n g   a  d i v e r g e n t   u l t r a s o n i c   f i e l d  

in  c o n j u n c t i o n   w i t h   warm  w a t e r   c i r c u l a t i n g   o v e r   t h e  

s k i n   a b o v e   t h e   t r e a t m e n t   a r e a   to  a c h i e v e   l o c a l  

5  h y p e r t h e r m i a .   T h i s   has  some  a d v a n t a g e s   b e c a u s e   w a t e r  

c i r c u l a t i n g   at  43  C  r a i s e s   l o c a l   t i s s u e   t e m p e r a t u r e  

at  a  d e p t h   of  3cm  be low  the   s k i n   to  40°C.   Thus  t h e  

i n t e n s i t y   of  u l t r a s o u n d   r e q u i r e d   to  p r o d u c e  

t h e r a p e u t i c   t e m p e r a t u r e s   can  be  much  r e d u c e d ,   w i t h   t h e  

10  b e n e f i t   of  m i n i m i z i n g   any  p o t e n t i a l   s i d e - e f f e c t s   o f  

the   u l t r a s o u n d .   M o r e o v e r ,   d i v e r g e n t   f i e l d s   a r e   a b l e  

to  c o v e r   a  b i g g e r   t r e a t m e n t   v o l u m e   and  s p a r e   t h e  

o r g a n s   b e n e a t h   the   t r e a t e d   a r e a   b e c a u s e   of  t h e  

r e d u c t i o n s   in  l o c a l   i n t e n s i t y .   F u r t h e r   t h e  

15  m i c r o p r o c e s s o r / m i c r o c o m p u t e r   c o n t r o l   i s   r e l a t i v e l y  

s i m p l e   s i n c e   i t   does   not  need  to  c o n t r o l   s t e p p i n g  

m o t o r s   . 

A c c o r d i n g   to  t h e   p r e s e n t   i n v e n t i o n   t h e r e f o r e   t h e r e   i s  

20  p r o v i d e d   an  u l t r a s o u n d   h y p e r t h e r m i a   u n i t   i n c l u d i n g   a n  

u l t r a s o u n d   t r a n s d u c e r   a s s e m b l y   a n g l e d   to  d i r e c t   s o n i c  

e n e r g y   t o w a r d   a  t a r g e t ,  

c h a r a c t e r i s e d   in  t h a t   t he   a r r a y   c o m p r i s e s   a 

p l u r a l i t y   of  d i v e r g e n t   t r a n s d u c e r s   e a c h   d i r e c t e d   t o  
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p r o v i d e   a  t r e a t m e n t   f i e l d   a b o u t   a  c e n t r a l  

a x i s   . 

A  t e m p e r a t u r e   s e n s i n g   means   fo r   o p e r a t i v e  

5  a s s o c i a t i o n   w i t h   t he   a r r a y ,   and  a d a p t e d   to  p r o v i d e   a n  

o u t p u t   s i g n a l   i n d i c a t i v e   of  t e m p e r a t u r e   v a l u e s ,  

a d j a c e n t   a  t a r g e t   t u m o u r   may  be  p r o v i d e d   when  t h e   u n i t  

i s   a d a p t e d   f o r   use  in  t he   t r e a t m e n t   of  n e o p l a s t i c  

t i s s u e s ,   in  t h i s   i n s t a n c e   t h e   a r r a n g e m e n t   is  s u c h  

10  t h a t   s a i d   o u t p u t   s i g n a l   is   u t i l i s e d   to  c o n t r o l   t h e  

p o w e r   o u t p u t   of  t h e   a r r a y   to  a c h i e v e   l o c a l i s e d   h e a t i n g  

of  t h e   t u m o u r   t i s s u e s   a b o v e   v i a b i l i t y .  

In  b o t h   the   a b o v e   f o r e g o i n g   i n s t a n c e s  

15  ( p h y s i o t h e r a p e u t i c   t r e a t m e n t   and  the  t r e a t m e n t   o f  

n e o p l a s t i c   t i s s u e s )   a  l i q u i d   b a t h   may  be  l o c a t e d  

b e t w e e n   the   a r r a y   and  the   s k i n   of  a  p a t i e n t ,   s a i d  

l i q u i d   b a t h   b e i n g   a d a p t e d   to  warm  the   s u p e r f i c i a l  

t i s s u e s .   O p t i o n a l l y ,   the   a s s e m b l y   may  be  p r o v i d e d   w i t h  

20  a  t r a n s d u c e r   c o a x i a l   w i t h   t he   c e n t r a l   s u p p o r t   a x i s ,  

and  w i t h   a  p l u r a l i t y   of  d i v e r g e n t   t r a n s d u c e r s   a r r a n g e d  

r a d i a l l y   a b o u t   t he   c e n t r a l   a x i s .  
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k  s y s t e m   in  a c c o r d a n c e   w i t h   t h i s   i n v e n t i o n   may 

c o m p r i s e   a  w a r m - w a t e r   c i r c u l a t i n g   u n i t   f o r   c o n t a c t  

w i t h   t h e   s k i n   of  a  p a t i e n t ,   w h i c h   f o r m s   a  s i n g l e   u n i t  

w i t h   a  t r a n s d u c e r   a r r a y ,   of  p r e f e r a b l y   f o u r   or  f i v e  

5  d i v e r g e n t   t r a n s d u c e r s .   The  b a t h   may  be  f o r m e d   in  p a r t  

of  a  f l e x i b l e   membrane   so  t h a t   i t   can  c h a n g e   i t s   s h a p e  

in  use   to  m o d i f y   the   d i s t a n c e   b e t w e e n   t he   a r r a y   a n d  

the   s u p e r f i c i a l   t i s s u e s .   One  t r a n s d u c e r   may  be  a  p l a n e  

t r a n s d u c e r   and  may  be  p l a c e d   c e n t r a l l y   w i t h   t he   o t h e r  

10  f o u r   or  f i v e   t r a n s d u c e r s   s y m m e t r i c a l l y   p l a c e d   a r o u n d  

i t ,   but   o  A  i n c l i n e d   to  i t   at  an  a n g l e   o f ,   f o r  

e x a m p l e ,   6 6 . 4   to  the   main  a x i s   of  t he   c e n t r a l  

t r a n s d u c e r   . 

15  In  a  p r e f e r r e d   e m b o d i m e n t   t h e   t r a n d u c e r   a r r a y   i s  

f o r m e d   of  a  s u p p o r t   i n t o   w h i c h   s e l e c t e d   t r a n d u c e r s   may 

be  p l u g g e d   as  n e c e s s a r y .   The  a s s e m b l y   of  t h e  

i n v e n t i o n   may  a l s o   be  p r o v i d e d   w i t h   a  l i q u i d   l e n s   i n  

a s s o c i a t i o n   w i t h   each  t r a n s d u c e r   to  a l t e r   t h e  

20  u l t r a s o u n d   d i s t r i b u t i o n   f o r   d i f f e r e n t   t r e a t m e n t s .  

In  a  p r e f e r r e d   e m b o d i m e n t   t h e   t r a n s d u c e r s   may  b e  

i n t e r s p e r s e d   w i t h   one  or  more  i m a g i n g   or  t e m p e r a t u r e  

s e n s i n g   t r a n s d u c e r s   to  a l l o w   t h e   a r r a y   to  p r o v i d e  

25  f u r t h e r   i n f o r m a t i o n .   One  of  t h e   u l t r a s o u n d  
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t r a n s d u c e r s   c a n ,   f o r   e x a m p l e ,   a l s o   be  u sed   i n t e r m i t t e n t l y  

in  a  s e n s i n g   r o l e ,   or  t he   a d d i t i o n a l   t r a n s d u c e r  

can  be  used  in  a  p u l s e d   or  p h a s e d   s e n s i n g   m o d e .  

5  The  t e m p e r a t u r e   s e n s i n g   means  may  be  a  t h e r m o c o u p l e   o r  

o t h e r   s e n s i n g   d e v i c e   a d a p t e d   f o r   p o s i t i o n i n g   a d j a c e n t  

or  in  the   t u m o u r   t i s s u e .   T h i s   is   p r e f e r a b l y   a 

l i n e a r l y   a r r a n g e d   s e n s o r   w i t h   a  p l u r a l i t y   of  s e n s i n g  

p o s i t i o n s   a l o n g   i t s   l e n g t h   w h e r e b y   a  s i n g l e   n e e d l e  

10  i n s e r t i o n   w i l l   p r o v i d e   a l l   the   r e q u i r e d   t e m p e r a t u r e  

i n f o r m a t i o n   fo r   m i c r o p r o c e s s o r   c o n t r o l .  

A l t e r n a t i v e l y ,   n o n - i n v a s i v e   p r o b e s   may  be  used  s u c h   a s  

m i c r o w a v e   t h e r m o m e t e r s .  

15 

A d d i t i o n a l l y ,   t he   s k i n   o v e r l a i d   by  the   b a t h   may  h a v e  

in  c o n t a c t   t h e r e w i t h   a  l i q u i d   c r y s t a l   d e v i c e   t o  

i n d i c a t e   the   t e m p e r a t u r e   of  the   s k i n   by  c o l o u r  

c h a n g e s   . 

20  

The  a s s e m b l y   of  t he   i n v e n t i o n   may  be  c o n t r o l l e d   by  a 

m i c r o p r o c e s s o r   w h i c h   u t i l i z e s   the   t e m p e r a t u r e   s i g n a l s  

to  c o n t r o l   t he   power   o u t p u t   t h e r e o f .   T h i s   e n a b l e s  

f i e l d   c o n t o u r s ,   ( i e :   i s o t h e r m s )   to  be  a r r a n g e d   t o  

25  c o n f o r m   wi th   n o n - s y m m e t r i c   t u m o u r   s h a p e s .   F u r t h e r   by 
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t h i s   or  o t h e r   means   the   f r e q u e n c y   of  t he   u l t r a s o u n d  

may  be  s t e p p e d   up  or  down  to  h a r m o n i c ,   h i g h e r   h a r m o n i c  

or  s u b - h a r m o n i c   f r e q u e n c i e s   to  a l t e r   d e p t h ,  

t e m p e r a t u r e   d i s t r i b u t i o n s   s i n c e   we  have   f o u n d   t h a t  

5  a d s o r p t i o n   c o e f f i c i e n t   d e p e n d s   on  f r e q u e n c y .   F u r t h e r  

s q u a r e   wave  or  s i n u s o i d a l   s i g n a l s   may  be  s e l e c t e d   t o  

a l t e r   t e m p e r a t u r e   d i s t r i b u t i o n .  

S i m p l e r   a s s e m b l i e s   a re   u s u a l l y   r e q u i r e d   f o r   use  i n  

10  p h y s i o t h e r a p y .   G e n e r a l l y ,   t he   t e m p e r a t u r e   s e n s i n g  

meas  can  be  d i s p e n s e d   w i t h ,   and  t he   u n i t   w i l l   o p e r a t e  

in  w i t h o u t   a  w a t e r   b a t h   so  l o n g   as  t h e   a r r a y   is   i n  

i n t i m a t e   c o n t a c t   w i t h   t he   s k i n .   Howeve r   a  w a t e r   b a t h  

e n a b l e s   t he   u n i t   to  be  r e a d i l y   u s e d   on  d i f f i c u l t   b o d y  

15  c o n t o u r s   s u c h   as  e l b o w s   and  k n e e s ,   and  g e n t l e   w a r m i n g  

of  the   s k i n   in  t h e s e   a r e a s   a s s i s t s   t r e a t m e n t   by 

r e d u c i n g   the   amount   of  u l t r a s o u n d   r e q u i r e d .  

B e c a u s e   u l t r a s o u n d   is   d i r e c t e d   t o w a r d   a  s o u r c e   of  p a i n  

20  f rom,   f o r   e x a m p l e ,   f i v e   d i f f e r e n t   d i r e c t i o n s ,   h i g h e r  

i n t e n s i t i e s   can  be  a p p l i e d   to  a  t a r g e t   j o i n t ,   f o r  

e x a m p l e ,   w i t h o u t   a f f e c t i n g   p a t i e n t   t o l e r a n c e .   The  u s e  

of  d i v e r g e n t   t r a n s d u c e r s   a l l o w s   l a r g e   v o l u m e s   o f  

t i s s u e s   to  be  t r e a t e d   w i t h o u t   a d v e r s e l y   a f f e c t i n g  
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u n d e r l y i n g   s e n s i t i v e   t i s s u e s   b e c a u s e   t he   a p p l i e d   p o w e r  

d e c r e a s e s   e x p o n e n t i a l l y .  

The  i n v e n t i o n   w i l l   now  be  d e s c r i b e d   by  way  o f  

5  i l l u s t r a t i o n   o n l y   w i t h   r e f e r e n c e   to  t he   a c c o m p a n y i n g  

d r a w i n g s   w h i c h   s h o w : -  

F i g u r e   1 :  

The  t o p - v i e w   of  a  f i v e   t r a n s d u c e r s   a r r a y   f o r   u se   i n  

10  p h y s i o t h e r a p y   or  the   t r e a t m e n t   of  n e o p l a s t i c   t i s s u e s .  

F i g u r e   2 :  

The  s i d e - v i e w   of  the   f i v e   t r a n s d u c e r s   a r r a y   of  F i g u r e  

1  in  c o n j u n c t i o n   w i t h   a  w a t e r   b a t h .  

15  

F i g u r e   3 :  

The  g e o m e t r y   of  t he   t r a n s d u c e r s   a r r a y   of  F i g u r e s   1  a n d  

2  in  u s e .  

20  F i g u r e   4 :  

The  i s o { p r e s s u r e } 2 c u r v e s   w i t h   the   i n c r e m e n t   of  1 2 . 5 *  

of  t he   peak   v a l u e   in  an  a x i a l   p l a n e   f o r   t he   f i v e  

d i v e r g e n t   t r a n s d u c e r s   a r r a y   in  w a t e r   ( F r e q u e n c y   - 1 . 1  

MHz,  d i a m e t e r   of  t r a n s d u c e r   -  5  cm,  r a d i u s   o f  
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c u r v a t u r e   -  1 2 . 1   cm  and  t h e   v o l t a g e   fed   i n t o   t h e  

c e n t r a l   t r a n s d u c e r   i s   f i v e   t i m e s   t h a t   fed   i n t o   t h e  

o t h e r   t r a n s d u c e r s ) .  

5  F i g u r e   5 a .  

2 The  i so{   p r e s s u r e )   c u r v e s   w i t h   the   i n c r e m e n t   of  12.  5*  

of  t he   peak  v a l u e   in  a  t r a n s v e r s e   p l a n e   at  z = 1 5 . 6   cm 

f o r   t he   f i v e   d i v e r g e n t   t r a n s d u c e r s   a r r a y   in  w a t e r  

(Same  c o n d i t i o n s   as  F i g u r e   4 ) .  

10  

F i g u r e   5 b :  

The  f i e l d   p a t t e r n   r e g i s t r a t e d   on  a  p i e c e   of  p a p e r  

w h i c h   was  p l a c e d   1 5 . 6   cm  away  from  t h e   f r o n t   edge  o f  

the   a r r a y   (The  m e t h o d   of  e x p e r i m e n t   i s   d e s c r i b e d   i n  

15  t he   t e x t .   ) 

F i g u r e   5 c :  

The  p r e s s u r e - s q u a r e d   d i s t r i b u t i o n   a l o n g   the  x - a x i s   i n  

F i g u r e   (5b)   ( A l l   p a r a m e t e r s   a re   t he   same  as  t h a t   i n  

20  F i g u r e   ( 5a )   e x c e p t   t h a t   t he   i n t e r v a l   b e t w e e n   each   d a t a  

p o i n t   i s   a b o u t   1/3  w a v e l e n g t h   of  t he   u l t r a s o u n d  

beams  )  . 
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F i g u r e   6 a :  

The  i s o ( p r e s a u r e ) 2   c u r v e s   w i t h   the   i n c r e m e n t   of  1 2 . 5 *  

of  t h e   peak  v a l u e   in  a  t r a n s v e r s e   p l a n e   at  z - 5 . 6   cm 

f o r   t h e   f i v e   t r a n s d u c e r s   a r r a y   in  w a t e r   ( S a m e  

5  c o n d i t i o n s   as  F i g u r e   4 ) .  

F i g u r e   6 b :  

The  f i e l d   p a t t e r n   r e g i s t r a t e d   on  a  p i e c e   of  p a p e r  

wh ich   was  p l a c e d   5 .6  cm  away  f rom  the   f r o n t   edge  o f  

10  the   a r r a y .  

F i g u r e   6 c :  

The  p r e s s u r e - s q u a r e d   d i s t r i b u t i o n   a l o n g   t he   x - a x i s   i n  

F i g u r e   (  6b  )  . 

15  

F i g u r e   7 :  

The  model   used   in  t he   c a l c u l a t i o n   of  t e m p e r a t u r e  

d i s t r i b u t i o n s :   a  v o l u m e   of  1 0 * 1 0 * 1 0   cm3of  t i s s u e   has  a 

t u m o u r   vo lume  of  3*3*3  cm3  w h i c h   is   s i t u a t e d   at  1  cm 

20  b e n e a t h   the   s k i n .  

F i g u r e   8 :  

The  t e m p e r a t u r e   d i s t r i b u t i o n   in  a  l o n g i t u d i n a l   p l a n e  

c a l c u l a t e d   f rom  the   3-D  s i m u l a t i o n   m o d e l .  
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F i g u r e   9 :  

The  t e m p e r a t u r e   d i s t r i b u t i o n   in  t h e   t r a n s v e r s e   p l a n e  

(2  cm  d e e p   f rom  t h e   s k i n )   c a l c u l a t e d   from  t h e  

s i m u l a t i o n   m o d e l .  

5 

F i g u r e   1 0 :  

The  t e m p e r a t u r e   d i s t r i b u t i o n   in   t he   t r a n s v e r s e   p l a n e  

(2  cm  deep   f rom  t he   s k i n )   c a l c u l a t e d   from  t h e  

s i m u l a t i o n   m o d e l .  

10  

F i g u r e   1 0 :  

The  t e m p e r a t u r e   d i s t r i b u t i o n   in  t he   t r a n s v e r s e   p l a n e  

(3  cm  deep   f rom  the   s k i n )   c a l c u l a t e d   from  t h e  

s i m u l a t i o n   m o d e l .  

15  

F i g u r e   11  : 

The  t e m p e r a t u r e   d i s t r i b u t i o n   in   t he   t r a n s v e r s e   p l a n e  

(4  cm  deep   f rom  t he   s k i n )   c a l c u l a t e d   from  t h e  

s i m u l a t i o n   m o d e l .  

20  

F i g u r e   1 2 :  

The  t e m p e r a t u r e   d i s t r i b u t i o n   in   t he   t r a n s v e r s e   p l a n e  

|  5cm  deep   from  the   s k i n )   c a l c u l a t e d   from  t h e  

s i m u l a t i o n   m o d e l  

25  
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F i g u r e   1 3 :  

The  a x i a l   t e m p e r a t u r e   d i s t r i b u t i o n   c a l c u l a t e d   from  o u r  

c o m p u t e r   model   v e r s u s   d e p t h   a f t e r   2 .5   m i n u t e s   o f  

s o n i c a t i o n   u n d e r   the   a s s u m p t i o n   t h a t   t he   b l o o d  

5  p e r f u s i o n   r a t e   is   10*  (  Q  )  and  50*  {  0   )  of  t h e  

p e r i p h e r a l   r e s p e c t i v e l y .  

F i g u r e   1 4 :  

The  t e m p e r a t u r e   d i s t r i b u t i o n   in  a  l o n g i t u d i n a l   p l a n e  

10  c a l c u l a t e d   from  the   s i m u l a t i o n   model   u n d e r   t h e  

a s s u m p t i o n   t h a t   the   b l o o d   f l o w   is   n o r m a l   t i s s u e   is  9 . 6  

m l / K g / s e c .   (The  o t h e r   c o n d i t i o n s   a r e   t he   same  as  t h a t  

in  F i g u r e   8  .  ) 

15  The  a b o v e   f i g u r e s   show  the   t h e o r e t i c a l   c a l c u l a t i o n   o f  

t h e   f i e l d   p a t t e r n s   p r o d u c e d   by  an  a r r a y   of  t r a n s d u c e r s  

c o m p r i s i n g   f o u r   e q u a l l y   s p a c e d   t r a n s d u c e r s   d i s p o s e d  

a b o u t   a  c e n t r a l   t r a n s d u c e r .   The  e q u a l l y   s p a c e d  

t r a n s d u c e r s   a re   a r r a y e d   at  a  f i x e d   a n g l e   to  t h e  

20  c e n t r a l   a x i s .   A  c o m p u t e r   s i m u l a t i o n   model   to  s i m u l a t e  

t he   e f f e c t s   of  b l o o d   f l o w ,   t h e r m a l   c o n d u c t i o n ,  

u l t r a s o n i c   a b s o r p t i o n   in  t i s s u e s ,   s k i n   t e m p e r a t u r e   a n d  

d i f f e r e n t   power  s e t t i n g   of  t he   t r a n s d u c e r s   on  t h e  

t e m p e r a t u r e   d i s t r i b u t i o n   i n s i d e   t i s s u e   d u r i n g   l o c a l  

25  h y p e r t h e r m i a   is  a l s o   shown.   The  m e t h o d   is   a p p l i c a b l e  
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to  t he   p r e d i c a t i o n   of  t e m p e r a t u r e   d i s t r i b u t i o n s   i n  

t i s s u e   b e i n g   d i f f e r e n t   n u m b e r s   of  t r a n s d u c e r s   a n d  

d i f f e r e n t   g e o m e t r i c a l   c o n f i g u r a t i o n s .  

5  With  p a r t i c u l a r   r e f e r e n c e   to  F i g u r e s   1  to  3  a 

s u b s t a n t i a l l y   r e c t a n g u l a r   t r a n s d u c e r   a r r a y   1  p r o v i d e s  

a  f r a m e   fo r   t h e   s u p p o r t   of  a  p l u r a l i t y   of  r a d i a l l y  

s p a c e d   d i v e r g e n t   t r a n s d u c e r s   2  in  e q u a l l y   s p a c e d  

r e l a t i o n .   The  a n g l e s   of  t he   t r a n s d u c e r s   and  t h e i r  

10  c o n f i g u r a t i o n   a r e   a p p a r e n t   from  F i g u r e   2,  f rom  w h i c h  

i t   w i l l   be  n o t e d   t h a t   e a c h   t r a n s d u c e r   i s   a  d i v e r g e n t  

t r a n s d u c e r ,   and  t h a t   a l t h o u g h   each   t r a n s d u c e r   i s  

d i r e c t e d   t o w a r d   a  common  f o c a l   p o i n t   when  t he   c e n t r a l  

a x i s   of  each   t r a n s d u c e r   a r e   c o n s i d e r e d ,   e a c h   i s  

15  c a p a b l e   on ly   of  p r o v i d i n g   a  d i v e r g e n t   s o n i c   f i e l d ,  

o v e r   a  c e r t a i n   p r e d e t e r m i n e d   a r e a   w h e r e i n   a 

t a r g e t   l i e s .   T h i s   t a r g e t   may  be  a  knee   j o i n t   or  a 

n e o p l a s t i c   t i s s u e .  

20  The  c e n t r a l   t r a n s d u c e r   3  i s   p r o v i d e d   a b o u t   t he   c e n t r a l  

a x i s   of  the   a r r a y   and  may,  i f   d e s i r e d ,   be  a d a p t e d   t o  

p e r f o r m   s p e c i a l   f u n c t i o n s .  
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With   r e f e r e n c e   to  F i g u r e   2,  t he   a r r a y   and  w a t e r   b a t h  

a s s e m b l y ,   in  a c c o r d a n c e   w i t h   t he   p r e s e n t   i n v e n t i o n   i s  

shown  in  s t r i c t l y   d i a g r a m m a t i c   f o r m .   Wate r   e n t e r i n g  

t h e   w a t e r   b a t h   5  f rom  t he   l e f t   hand  s i d e   of  the   F i g u r e  

5  2  e x i t s   f rom  t h e   w a t e r   b a t h   and  t r a n s d u c e r   a s s e m b l y   t o  

t h e   r i g h t   hand  s i d e   of  t he   F i g u r e   2  as  shown  in  t h e  

d r a w i n g s .   The  w a t e r   m a i n t a i n s   t he   s k i n   t e m p e r a t u r e   a t  

a  d e s i r e d   t e m p e r a t u r e ,   f o r   e x a m p l e   when  t r e a t i n g  

n e o p l a s t i c   t i s s u e s   a b o u t   42  C?  in  the   a b s e n c e   of  a n y  

10  power   f rom  the   t r a n s d u c e r s .   The  s k i n   4  o v e r l y i n g   a 

t a r g e t   f o r   e x a m p l e   a  t u m o u r   shown  d i a g r a m m a t i c a l l y   a t  

8  has   a  p l u r a l i t y   of  s e n s o r s   10  i n s e r t e d   t h e r e i n   i n  

j u x t a p o s i t i o n   w i t h ,   and  i n t o   t he   t u m o u r   8.  O u t p u t s  

f rom  t h e   s e n s o r s   10  a r e   fed  to  a  c o m p u t e r   which   can  b e  

15  u t i l i z e d   to  c o n t r o l   t he   power   of  each   t r a n s d u c e r  

s e p a r a t e l y .   The  s e n s e r s   10  a r e   not  r e q u i r e d   f o r  

p h y s i o t h e r a p y   s i n c e   t he   power  o u t p u t   can  be  c o n t r o l l e d  

on  an  e m p i r i c a l   b a s i s .  

20  The  t r a n s d u c e r   a r r a y   i s   o p e r a t i v e l y   c o n n e c t e d   to  t h e  

w a t e r   b a t h   s u c h   t h a t   t he   i n d u c e d   s o u n d   p a s s e s   t h r o u g h  

t h e   w a t e r   b a t h   i n t o   t he   p a t i e n t   w i t h   a  minimum  o f  

power   l o s s .   T h i s   e n s u r e s   t h a t   minimum  l e v e l s   o f  
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u l t r a s o n i c   power   i s   r e q u i r e d   to  a c h i e v e   m a x i m u m  

h e a t i n g   of  t h e   t a r g e t   a r e a .  

As  i s   shown  in  F i g u r e   3  t h e   c e n t r a l   a x i s   7  p r o v i d e d   t o  

5  the   c e n t r a l   t r a n s d u c e r ,   w h e r e a s   the   p e r i p h e r a l   a x i s   6 

i n d i c a t e s   a  p o i n t   of  c o n j u n c t i o n   of  t he   a x i s   o f  

a d j a c e n t   t r a n s d u c e r s .   T h i s   i s   n o t ,   h o w e v e r ,   a n  

a c o u s t i c   f o c u s   s i n c e   t he   a c o u s t i c   t r a n s d u c e r s   a r e   o f  

the   d i v e r g e n t   t y p e .  

10  

The  u n i t   of  F i g u r e s   1  to  3  may  be  a d a p t e d   f o r   u s e  

p h y s i o t h e r a p e u t i c a l l y   in  t he   f o l l o w i n g   c o n d i t i o n s : -  

Trauma  to  t i b i a  

15  P a i n f u l   a rc   s y n d r o m e  

M e d i a l   m e n i s c u s   l e s i o n  

D e g e n e r a t i v e   c h a n g e s  

P a i n   -  t h o r a c i c   v e r t e b r a e  

T e n d e r n e s s   ove r   r h o m b o i d  

20  B r u i s e d   p e r i n e u m   and  h a e m o r r h o i d s  

Haematoma   of  l i n e   of  e p i s i o t o m y  

B r u i s e d   o e d e m a t o u s   p e r i n e u m  

R o t a t o r   c u f f   l e s i o n  

C o n t r a c e p t i v e   and  i n d u r a t i o n   of  d e l t o - p e c t o r a l   f l a p  

25  Torn  a t t a c h m e n t   -  a b d o m i n a l   m u s c l e s   ( s p o r t s   i n j u r y )  
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M e d i c a l   l i g a m e n t   -  k n e e  

C h r o n i c   s t r a i n   of  a b d o m i n a l   m u s c l e s  

Haema toma   s o l e u s  

P l a t e d   a n k l e  

5  B i c e p s   f e m o r i s   s t r a i n  

B i c e p i t a l   h a e m a t o m a  

A c u t e   t e a r   l i g a m e n t ;   med.  l i g a m e n t   ( k n e e )  

P a i n   p a r a e s t h e s i a   d i s t r i b u t i o n   T10  

L a c e r a t i o n   do r sum  of  h a n d  

10  S a c r o - i l i a c   s t r a i n  

L i g a m e n t   i n j u r y   -  a n k l e  

T r a u m a t i c   i n j u r i e s :   f o o t ,   t h u m b  

D i s l o c a t i o n   of  s h o u l d e r  

C o n t u s i o n   -  s h o u l d e r   j o i n t   (MS) 

15  S p r a i n   - a n k l e  

P r e - t i b i a l   i n f l a m m a t i o n  

M u s c l e   c o n t u s i o n   w i t h   a l c o h o l i c   n e u r i t i e s   o v e r l a y  

I n j u r y   to  a c r o m i o   c l a v i c u l a r   j o i n t  

Back  s t r a i n  

20  S w e l l i n g   and  b r u i s i n g :   t i b i a ,   a n k l e  

E f f u s i o n   and  b r u i s i n g   of  k n e e  

H e r p e s   Z o s t e r  

Haema toma   a b o v e   L.  l a t .   m a l l e o l u s  

U n d i s p l a c e d   f r a c t u r e   - s t y l o i d - p r o c e s s   r a d i u s  

25  S o f t   t i s s u e   i n j u r y  
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E f f u s i o n   R.  p r e - p a t e l l a r   b u r s a e  

A c u t e   t o r t i c o l l i s  

P a i n f u l   T r a p e z i u s  

S t r a i n - T r a p e z i u a   and  R h o m b o i d s  

5  E p i c o n d y l i t i s  

V a s t u s   m u s c l e   s t r a i n  

P a i n   f o l l o w i n g   C o l l e s   f r a c t u r e  

S t r a i n e d   h a m s t r i n g s  
i 

T e n d o n   r e p a i r :   thumjs 

10  D i v i d e d   f l e x o r   t e n d o n s  

T e n o s y n o v i   t i s   e x t e n s o r s :   w r i s t  

G a s t r o c n e m i u s  

R e f e r r e d   arm  p a i n  

A d h e s i o n s   f o l l o w i n g   r o a d   t r a f f i c   a c c i d e n t - k n e e  

15  C h o n d r o m a l a c i a   -  k n e e  

A d h e r e n t   s c a r   -  { s w o l l e n   f i n g e r s )  

T h e o r y  

(  A  )  Q a l c u l a t   i g n _ o f   _t  he_f  i e l d _ B a t t e r n _ p _ r g d u c e d _ b Y _ t   h e  

20  a r r a Y _ o f   _f  i  v e _ d i y e r g e n t _ t r a n s d u c e r s  

In  l i n e a r   a c o u s t i c s   the   sound   waves   c a u s e d   by  t h e  

r a d i a l   m o t i o n   of  a  s p h e r e   a r e   g o v e r n e d   by  t h e   f i r s t  

o r d e r   wave  e q u a t i o n  

25  *fb  *  i T a - c i   E q ( 1 )  
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when  we  c o n s i d e r   o n l y   h a r m o n i c   t i m e   v a r i a t i o n s   f o r   t h e  

a c o u s t i c   p r e s s u r e   p  ( w h e r e   k - w / c ,   w  is   the   a n g u l a r  

f r e q u e n c y ,   c  t h e   s o u n d   s p e e d ) .   If  we  t a k e   a 

p a r t i c u l a r   c a s e   of  a  p o l a r   cap  whose   s u r f a c e   v i b r a t e s  

>  w i t h   a  v e l o c i t y   u  e x p ( - i w t ) ,   t he   h a l f   - a n g l e   s u b t e n d e d  

by  t he   c u r v e d   s u r f a c e   at  t h e   c e n t r e   of  c u r v a t u r e   i s   0Q,  

and  t h e   r a d i u s   of  c u r v a t u r e   of  the   p o l a r   cap  is   b ,  

t h e n   t h e   s o l u t i o n   of  the-   d i f f e r e n t i a l   e q u a t i o n   ( B q l )  

can  be  e x p r e s s e d   a s  

n-°  h  (MO  S a ( 2 )  4 i  

where   P  i s   t he   d e n s i t y   of  t h e   medium  in  w h i c h  

15  u l t r a s o u n d   is   p r o p a g a t i n g ,   P  s t a n d s   f o r   L e g e n d r e  

f u n c t i o n ,   h  s t a n d s   f o r   s p h e r i c a l   Hanke l   f u n c t i o n   a n d  

the   p r i m e   in  t h e   d e n o m i n a t o r   i n d i c a t e s   d i f f e r e n t i a t i o n  

w i t h   r e s p e c t   to  t he   a r g u m e n t   kb  .  Th i s   s e r i e s   has  b e e n  

shown  to  be  u n i f o r m l y   c o n v e r g e n t   in  any  r e g i o n   r > b  

20  ( W i l c o x   1956  }  . 

The  u l t r a s o n i c   f i e l d   p r o d u c e d   by  a  d i v e r g e n t  

t r a n s d u c e r   s h a p e d   l i k e   a  p o l a r   cap  can  be  d e s c r i b e d   by  

B q ( 2 ) .   When  an  a r r a y   of  f i v e   t r a n s d u c e r s   i s  
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c o n s i d e r e d ,   t he   r e s u l t a n t   p r e s s u r e   at  t h e   p o i n t   ( r , 0 )  

i s   t h e   v e c t o r   sum  of  i n d i v i d u a l   p r e s s u r e   at  t h a t   p o i n t  

p r o d u c e d   by  e a c h   t r a n s d u c e r .   A l t h o u g h   t h e   p a r t i c l e  

v e l o c i t y   n e a r   a  v i b r a t i n g   s u r f a c e   i s   no t   in  p h a s e   w i t h  

5  t he   p r e s s u r e ,   t he   p a r t i c l e   v e l o c i t y   w i l l   be  in  t h e  

r a d i a l   d i r e c t i o n   and  in  p h a s e   w i t h   t h e   p r e s s u r e   w h e n  

i t   i s   f a r   f rom  the   v i b r a t i n g   s u r f a c e   ( H o r s e   e t a l ,  

1 9 6 8 ) .   Hence   t he   r e s u l t a n t   i n t e n s i t y   w i l l   b e  

p r o p o r t i o n a l   to  the   s q u a r ^   of  t h e   r e s u l t a n t   p r e s s u r e  

10  ■  when  kr  i s ' v e r y   l a r g e .   M a t h e m a t i c a l l y ,   i t   i s  

e x p r e s s e d   as  f o l l o w s :  

I  oc  [ P ( t : a r a l ) f -   I  7^p .   I2  E q ( 3 )  

15  

A  c o m p u t a t i o n a l   p r o g r a m   has  been   d e v e l o p e d   t o  

c a l c u l a t e   t h e   i n t e n s i t y   d i s t r i b u t i o n   g e n e r a t e d   by  t h e  

a r r a y   of  f i v e   d i v e r g e n t   t r a n s d u c e r s   w h e r e   e a c h  

t r a n s d u c e r   i s   d r i v e n   w i t h   t he   same  s i n u s o i d a l  

20  f r e q u e n c y   but   w i t h   t he   d i f f e r e n t   v a o l t a g e .  

(  B  )  C g m p u t e r _ s i § u l a t i o n _ m o d e l _ o f   _ t e m p e r a t u r e _ d i s t r i b u t i o n  

iD_  t i s s y e _ d u r i n g _ l o c a l _ h y .   per   t h e r m i a _ i n d u c e d _ b y _ o u r _   f i v e  

t r a n s d u c e r s ^   a r r a y  

2 5  
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The  g e n e r a l   h e a t   c o n d u c t i o n   e q u a t i o n  

PS  a?   -  k ( ^ T   -  *£t.  *  ^ l l ) -   HKx.y,   s ) - C ( x . y ,   z , T )   EcKO.) 
"S?  a  J*  •*** d c  

has  p r e v i o u s l y   b e e n   e m p l o y e d   to  s i m u l a t e   t h e  

t e m p e r a t u r e   d i s t r i b u t i o n   in  t i s s u e   d u r i n g   l o c a l  

h y p e r t h e r m i a   i n d u c e d   by  u l t r a s o u n d   ( H y n y n e n   e t a l   1 9 8 1 )  

Here  P  i s   t h e   d e n s i t y   of*  t^he  t i s s u e ,   S  the   s p e c i f i c  

10  .  h e a t ,   T  t i s s u e   t e m p e r a t u r e ,   t  t i m e ,   k  the   t h e r m a l  

c o n d u c t i v i t y   of  t he   t i s s u e ,   xy2  s p a c e   c o o r d i n a t e s ,   H 

the   r a t e   at  wh ich   h e a t   i s   b e i n g   g e n e r a t e d   by  

u l t r a s o u n d   in  t he   e l e m e n t   ( x , y . z )   per  u n i t   v o l u m e   a n d  

C  the   c o o l i n g   f u n c t i o n   i n d u c e d   by  b l o o d   p e r f u s i o n   i n  

15  t i s s u e s .  

Many  s t a n d a r d   m e t h o d s   have  been   e m p l o y e d   to  s o l v e   t h e  

g e n e r a l   h e a t   c o n d u c t i o n   e q u a t i o n .   F i n i t e - d i f f e r e n c e  

a p p r o x i m a t i o n   i s   one  of  the   n u m e r i c a l   a p p r o a c h e s   { e . g :  

20  Chapman  1974 ;   H i l d e b r a n d   1 9 6 8 ) .   For  e x p l i c i t  

f i n i t e - d i f f e r e n c e   f o r m u l a t i o n ,   Eq{3)  can  b e  

t r a n s f o r m e d   i n t o  
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i 
T ( x . y ,   z,  t * l ) « ' X [ T ( x - l . y , z t   t ) v r ( x - * l , y . z .   t )  

♦ T ( x , y - i , z ,   t ) * T ( x . y * l , z .   t)   ♦ T ( x , y ,   z - i ,   t  ) + T ( x .   y  ,  z * i .   t )  

- 6 T ( x . y , z .   t ) ]   - T ( x . y . z . t )   * ( A t   ) / ( p s >   [ H ( x . y .   z ) - C ( x .   y  ,  z.  T)  ] 

E q ( 5 )  

u n d e r   t h e   a s s u m p t i o n   t h * t   t h e   a p a t i a l   i n c r e m e n t s   ( a x . ^ . a z )   a r e  

e q u a l   and  \   r e p r e s e n t s   k ( A t ) / ( p S - A x a )   w h i c h   i s   a  d i m e n s l o n l e s s  

p a r a m e t e r .   In  o r d e r   to  s a t i s f y   s t a b i l i t y   and  c o n v e r g e n c e   c r i t e r i a .  

?V  m u s t -   be  t a k e n   to-  have   any  p o s i t i v e   v a l u e   l e s s   t h a n   1 /6   ( C h a p m a n  

1 9 7 4 ) .  
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i 
I t   i s   a c c e p t e d   t h a t   t h e   b l o o d   p e r f u s i o n   r a t e   in  most   j 

t u m o u r s   i s   u s u a l l y   l o w e r   t h a n   t h a t   in  t he   s u r r o u n d i n g   i 

n o r m a l   t i s s u e s ,   bu t   t h e   b l o o d   p e r f u s i o n   r a t e   at  t h e  

a d v a n c i n g   f r o n t   ( t u m o u r   p e r i p h e r y )   is  o f t e n   much  h i g h e r .  

T h e r e f o r e ,   we  h a v e   d e v e l o p e d   a  c o m p u t e r   s i m u l a t i o n  

p r o g r a m   to  s i m u l a t e   t h e   e f f e c t   of  p e r f u s i o n   o n  

t e m p e r a t u r e   d i s t r i b u t i o n   d u r i n g   h y p e r t h e r m i a   t r e a t m e n t  

g e n e r a t e d   by  our   5 - e l e m e n t   t r a n s d u c e r   a r r a y .   A l s o   we  j 

t a k e   a c c o u n t   of  t h e   t h e r m a l   c o n d u c t i o n   and  u l t r a s o n i c  

.0  a b s o r p t i o n .  

C g m p u t e r _ p . r e d i   c a t   i o n s  

(A)  i n t e n s i t y _ d i s t r i b y t i o n _ i n _ w a t e r  

L5 

In  t h e   p r e s e n t   i n v e n t i o n   t h e r e   a re   f i v e   t r a n s d u c e r s   i n  

t h e   a r r a y .   The  r a d i u s   of  c u r v a t u r e   of  e a c h   t r a n s d u c e r  

i s   1 2 . 1   cm  and  t h e   h a l f - a n g l e   s u b t e n d e d   by  the   c u r v e d  

s u r f a c e   at  t h e   c e n t r e   of  c u r v a t u r e   is   1 1 . 9   .  The  m a i n  

20  a x i s   of  e a c h   t r a n s d u c e r   is  i n c l i n e d   2 3 . 6   w i t h   t h e  

main   a x i s   of  t h e   c e n t r a l   t r a n s d u c e r   ( F i g u r e   3) .   E a c h  

t r a n s d u c e r   in  t h e   a r r a y   can  be  fed  w i t h   a  d i f f e r e n t  

v o l t a g e   in  o r d e r   to  a c h i e v e   d i f f e r e n t   i n t e n s i t y   ! 

d i s t r i b u t i o n s   and  h e n c e   c o r r e s p o n d i n g l y   d i f f e r e n t  
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t e m p e r a t u r e   d i s t r i b u t i o n s   in  t i s s u e .   E m p i r i c a l l y ,   i n  

t h e   f i r s t   i n s t a n c e ,   t h e   v o l t a g e   f ed   i n t o   the   c e n t r a l  

t r a n s d u c e r   i s   f i v e   t i m e s   h i g h e r   t h a n   t h a t   fed  i n t o   t h e  

f o u r   o u t e r   t r a n s d u c e r s .   The  ( a c o u s t i c   p r e s s u r e  

5  2 
a m p l i t u d e )   d i s t r i b u t i o n   in  a  l o n g i t u d i n a l   p l a n e  

( X Z - p l a n e )   i s   c a l c u l a t e d   by  u s i n g   Eq  (2)  &  (3)  and  t h e  

r e s u l t   i s   p r e s e n t e d   in  F i g u r e   4.  In  a d d i t i o n ,   t h e  

2 
( a c o u s t i c   p r e s s u r e   a m p l i t u d e )   d i s t r i b u t i o n s   in  t h e  

t r a n s v e r s e   p l a n e   at  5 .6   cm  and  1 5 . 6   cm  away  f rom  t h e  

10  edge   of  the   t r a n s d u c e r   u n i t   a re   p r e s e n t e d   in  F i g u r e  

(5a )   and  F i g u r e   ( 6 a ) .   These   show  t h a t   t he   a c o u s t i c  

i n t e n s i t y   d i m e n i s h e s   r a p i d l y   w i t h   d i s t a n c e   a l o n g   t h e  

a x i s   and  v a r i e s   s y m m e t r i c a l l y   a b o u t   t he   XZ-  a n d  

Y Z - p l a n e s .   The  a c o u s t i c   p r e s s u r e - a m p l i t u d e - s q u a r e d  

15  d i s t r i b u t i o n s   a l s o   show  t h a t   use  can   be  made  of  t h e  

i n t e n s i t y   d i s t r i b u t i o n   b e t w e e n   z=10  and  20  cm  f o r  

h y p e r t h e r m i a   b e c a u s e   in  t h a t   r e g i o n   a  l a r g e   t i s s u e  

vo lume   w i l l   be  h e a t e d   w i t h   r e a s o n a b l e   u n i f o r m i t y .  

M o r e o v e r ,   t he   s u r r o u n d i n g   t i s s u e   and  t h e   o r g a n s  

20  b e n e a t h   the   t r e a t e d   a r e a   w i l l   be  s p a r e d   b e c a u s e   t h e  

u l t r a s o n i c   i n t e n s i t y   d i m i n i s h e s   v e r y   r a p i d l y   w i t h  

d i s t a n c e   . 
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The  u l t r a s o n i c   f i e l d   p a t t e r n s   were  v i s u a l i z e d   a s  

f o l l o w s :  

the  t r a n s d u c e r   a r r a y   was  i m m e r s e d   in  a  t a n k   of  w a t e r   ' 

w i th   a  few  d r o p s   of  m e t h y l e n e   b l u e   dye  a d d e d .   P i e c e s  

5  of  w h i t e   p a p e r   were   s e q u e n t i a l l y   p l a c e d   at  d i f f e r e n t  

p o s i t i o n s   in  t h e   p a t h   of  t h e   u l t r a s o n i c   beam.  The  d y e  

p a r t i c l e s   move  u n d e r   t h e   i n f l u e n c e   of  t he   u l t r a s o n i c  

f i e l d   and  a r e   t r a p p e d   in  t he   p a p e r ,   so  t h a t   a  c o l o u r e d  

p a t t e r n   c o r r e s p o n d i n g   to  t he   f i e l d   d i s t r i b u t i o n   i s  

10  p r o d u c e d   on  t he   p a p e r .  

The  p a t t e r n   r e g i s t r a t e d   at  1 5 . 2   cm  away  f rom  t h e  

a r r a y ,   o b t a i n e d   in  t h i s   way  is   shown  in  F i g u r e   ( 5 b ) .  

The  s h a p e   of  t he   p a t t e r n   i s   c o n s i s t e n t   w i t h   t h e  

15  c o m p u t e r   s i m u l a t i o n .   H o w e v e r ,   F i g u r e   (5b)   shows   up  a 

c l e a r   i n t e r f e r e n c e   p a t t e r n   w h i c h   is  p r o d u c e d   by  t h e  

i n t e r f e r e n c e   b e t w e e n   t h e   f i v e   u l t r a s o u n d   b e a m s .  

F i g u r e   (5a)   does   not   show  up  t h i s   p a t t e r n .   I t   i s  

b e c a u s e   the   d a t a   p o i n t s   in  t he   mes  for   p r o d u c i n g  

20  f i g u r e   (5a)   a r e   r e l a t i v e l y   s p a r s e   ( i e :   the   s e p a r a t i o n  

b e t w e e n   each   d a t a   p o i n t   i s   g r e a t e r   t han   the   w a v e l e n g t h  

of  the   u l t r a s o u n d   b e a m s ) ,   so  t h a t   the  i n t e r f e r e n c e  

p a t t e r n   does   not   a p p e a r   in  F i g u r e   ( 5 a ) .   The  d a t a  

p o i n t   s e p a r a t i o n   has   to  be  l a r g e   to  e n s u r e   r e a l i s t i c  

25  c o m p u t i n g   t i m e .   If  t h e   s e p a r a t i o n   b e t w e e n   e a c h   d a t a  
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p o i n t   in  t h e   mesh  i s   r e d u c e d   to  a  v a l u e   w h i c h   i s  

s m a l l e r   t h a n   t he   w a v e l e n g t h ,   our   s i m u l a t i o n   model   w i l l  

show  t he   d e t a i l   of  t he   i n t e r f e r e n c e   p a t t e r n .  

5  In  f a c t ,   t he   p r e s s u r e - a m p l i t u d e - s q u a r e d   d i s t r i b u t i o n  

a l o n g   t he   x - a x i s   w i t h   an  i n t e r v a l   of  0 . 0 4   cm  b e t w e e n  

e a c h   d a t a   p o i n t   is   p l o t t e d   in  F i g u r e   ( 5 c ) .   T h e  

i n t e r f e r e n c e   p a t t e r n   in  F i g u r e   (5b)   and  t he   r e s u l t   o f  

s i m u l a t i o n   shown  in  F i g u r e   ( 5c )   a r e   c o n s i s t e n t .  

10  S i m i l a r l y ,   F i g u r e   (6c)   shows  t h e  

p r e s s u r e - a m p l i t u d e - s q u a r e d   d i s t r i b u t i o n   a l o n g   t h e  

x - a x i s   in  F i g u r e   (6b)   wh ich   shows   t h e   f i e l d  

d i s t r i b u t i o n   p a t t e r n   at  5 .6   cm  away  f rom  the   f r o n t  

f a c e   of  t he   t r a n s d u c e r   u n i t .  

15 

(  B  )  T e m E e r a t y r e _ d i s t r i b u t i o n _ i n _ t i s s y e  

The  a c t u a l   e l e v a t i o n   of  t e m p e r a t u r e   in  t i s s u e   d u r i n g  

l o c a l   h y p e r t h e r m i a   can  be  a f f e c t e d   by  many  f a c t o r s ;  

20  d i f f e r e n t   b l o o d   p e r f u s i o n   r a t e   in  t u m o u r   and  in  n o r m a l  

t i s s u e s ,   t h e r m a l   c o n d u c t i v i t y   of  t i s s u e   and  u l t r a s o n i c  

a b s o r p t i o n .   The  o v e r a l l   p a r a m e t e r s   o f  

t h e r m o r e g u l a t o r y   r e s p o n s e   in  t h e   human  body  a re   v e r y  

c o m p l i c a t e d ,   but   the   m a j o r   f a c t o r   i s   t h e   c o o l i n g  

25  f u n c t i o n   in  l o c a l   h y p e r t h e r m i a   w h i c h   can  be  m a i n l y  
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a t t r i b u t e d   to  t h e   b l o o d   f l o w   in  t i s s u e .   A  w a r m - w a t e r  

b a t h ,   wh ich   i s   m a i n t a i n e d   at  a  c o n s t a n t   t e m p e r a t u r e ,  

say   42°C.   was  p l a c e d   on  the   p a t i e n t ' s   s k i n   j u s t   a b o v e  

t h e   t r e a t e d   a r e a   in  o r d e r   to  r e d u c e   t h e   u l t r a s o n i c  

5  p o w e r   and  m i n i m i z e   t h e   h e a t   l o s s   t h r o u g h   s k i n   in  t h e  

c o u r s e   of  l o c a l   h y p e r t h e r m i a   t r e a t m e n t   of  s u p e r f i c i a l  

n e o p l a s m .  

In  t h e   3-D  c o m p u t a t i o n a l   s i m u l a t i o n   model   we  c o n s i d e r  

10  t h e   f o l l o w i n g   c o n d i t i o n s :   t he   t e m p e r a t u r e   d i s t r i b u t i o n  

in  a  cube   1 0 * 1 0 * 1 0   cm  is   l o c a t e d   at  1  cm  b e l o w   t h e  

s k i n   {see   F i g u r e   7 ) .   The  b l o o d   p e r f u s i o n   r a t e   i n s i d e  

t h e   t u m o u r   i s   a s s u m e d   to  be  only   10*  of  t h a t   in  t h e  

p e r i p h e r a l   t i s s u e s .   The  b l o o d   p e r f u s i o n   r a t e   i n  

15  t u m o u r ' s   p e r i p h e r y   and  n o r m a l   t i s s u e   i s   2 .3   m l / k g / s e c  

and  0 .5   m l / k g / s e c   r e s p e c t i v e l y .   The  t h e r m a l  

c o n d u c t i v i t y   of  t h e   t i s s u e   is  0 .44   W/M/K,  u l t r a s o n i c  

a t t e n u a t i o n   i s   8  Np/M  and  the   s k i n   t e m p e r a t u r e   i s  

m a i n t a i n e d   at  42°C .   (by  p l a c i n g   a  w a r m - w a t e r   b a t h   o n  

20  t h e   s k i n ) .   The  s p a t i a l   t e m p o r a l   a v e r a g e   of  t h e  

u l t r a s o n i c   i n t e n s i t y   in  d e g a s s e d   w a t e r   at  z=13  cm  i s  

3 .8   W / s q . c m .   The  p a t i e n t ' s   s k i n   is  10  cm  away  f r o m  

t h e   c e n t r a l   t r a n s d u c e r .   The  r e s u l t s   of  c o m p u t e r  

s i m u l a t i o n   a r e   shown  in  F i g u r e   8  -  12.  F i g u r e   8  s h o w s  
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t h e   t e m p e r a t u r e   d i s t r i b u t i o n   in  t i s s u e   a l o n g   a 

l o n g i t u d i n a l   p l a n e   ( X Z - p l a n e )   a f t e r   2  m i n u t e s   o f  

s o n i c a t i o n .   I t   i n d i c a t e s   t h a t   t h e   maximum  t e m p e r a t u r e  

4 8 . 4   C  i s   a b o u t   2  cm  b e l o w   t he   s k i n   and  t h e  

5 
i s o - t e m p e r a t u r e   c u r v e   of  4 2 . 8 ° C .   c o v e r s   an  e l l i p s o i d a l  

v o l u m e   w i t h   a  maximum  d i a m e t e r   of  a b o u t   3  cm  and  4  cm 

l o n g ,   ( i e :   a b o u t   37 .7   cm3) .   All   t h e   t i s s u e   at  5  cm 

b e l o w   t he   s k i n   i s   s p a r e d .   F i g u r e   9,  10,  11  and  12 

show  t he   t e m p e r a t u r e   d i s t r i b u t i o n   in  t he   t r a n s v e r s e  

10  p l a n e   ( X Y - p l a n e )   at  t he   d e p t h   of  2,  3.  4  and  5  cm 

b e l o w   the   s k i n   r e s p e c t i v e l y .   They  f u r t h e r   s u p p o r t   t h e  

v iew  t h a t   t h e   o v e r l a p p i n g   d i v e r g e n t   f i e l d s   p r o d u c e   a n  

a c c e p t a b l e   h e a t i n g   p a t t e r n   d u r i n g   h y p e r t h e r m i a  

t r e a t m e n t   of  a  s u p e r f i c i a l   n e o p l a s m .  

15  

The  b l o o d   p e r f u s i o n   r a t e   can  a f f e c t   t h e   t e m p e r a t u r e  

d i s t r i b u t i o n   where   the   b l o o d   p e r f u s i o n   r a t e   in  t u m o u r  

is   10*  and  50*  of  the   p e r i p h e r a l   b l o o d   f l o w  

r e s p e c t i v e l y   and  the   b l o d   f l ow  in  n o r m a l   t i s s u e   i s  

20  u n c h a n g e d ,   t he   a x i a l   t e m p e r a t u r e   d i s t r i b u t i o n   i n  

t i s s u e   as  a  f u n c t i o n   of  d e p t h   at  d i f f e r e n t   t i m e s   i s  

p l o t t e d   in  F i g u r e   13.  R e s u l t s   show  t h a t   the   maximum 

t e m p e r a t u r e   w i l l   be  r e d u c e d   by  a b o u t   1°C.   a f t e r   2 . 5  

m i n u t e s   of  s o n i c a t i o n   i f   the   b l o o d   p e r f u s i o n   r a t e   i n  
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t umour   i s   i n c r e a s e d   f rom  10*  to  50*  of  the   p e r i p h e r a l  

b l o o d   p e r f u s i o n   r a t e .  

F u r t h e r m o r e ,   t h e   b l o o d   p e r f u s i o n   r a t e   in  t h e  

5  s u r r o u n d i n g   n o r m a l   t i s s u e   can  a l s o   a f f e c t   t h e  

t e m p e r a t u r e   d i s t r i b u t i o n .   Where  the   b l o o d   p e r f u s i o n  

r a t e   in  t u m o u r   i s   10*  and  50*  of  t he   p e r i p h e r a l   b l o o d  

f low  r e s p e c t i v e l y   and  the   b l o o d   f low  in  n o r m a l   t i s s u e  

is   u n c h a n g e d ,   t h e   a x i a l   t e m p e r a t u r e   d i s t r i b u t i o n   i n  

10  t i s s u e   as  a  f u n c t i o n   of  d e p t h   at  d i f f e r e n t   t i m e s   i s  

p l o t t e d   in  F i g u r e   13.  R e s u l t s   show  t h a t   t he   m a x i m u m  

t e m p e r a t u r e   w i l l   be  r e d u c e d   by  a b o u t   1°C  a f t e r   2 . 5  

m i n u t e s   of  s o n i c a t i o n   i f   t he   b l o o d   p e r f u s i o n   r a t e   i n  

t umour   is   i n c r e a s e d   f rom  10*  to  50*  of  the   p e r i p h e r a l  

15  b l o o d   p e r f u s i o n   r a t e .  

F u r t h e r m o r e ,   t h e   b l o o d   p e r f u s i o n   r a t e   in  t h e  

s u r r o u n d i n g   n o r m a l   t i s s u e   can  a l s o   a f f e c t   t h e  

t e m p e r a t u r e   d i s t r i b u t i o n .   Where  the  b l o o d   p e r f u s i o n  

20  r a t e   in  n o r m a l   t i s s e   i s   9 .6   m l / K g / s e c   ( e . g :   in  n o r m a l  

l i v e r )   and  t he   b l o o d   p e r f u s i o n   r a t e   in  t u m o u r   i s   s t i l l  

10*  of  the   p e r i p h e r a l ,   the   t e m p e r a t u r e   d i s t r i b u t i o n  

a l o n g   a  l o n g i t u d i n a l   p l a n e   i s   shown  in  F i g u r e   14.  I t  

shows  a  s l i g h t l y   d i f f e r e n t   t e m p e r a t u r e   d i s t r i b u t i o n   a s  

20 
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c o m p a r e d   to  t h a t   in  F i g u r e   8.  The  i s o - t e m p e r a t u r e  

c u r v e   of  4 2 . 8 ° c .   s t i l l   c o v e r s   a b o u t   t he   same  vo lume  b t  

te  t e m p e r a t u r e   e l e v a t i o n   o u t s i d e   t he   t u m o u r   vo lume  i s  

r e d u c e d .  

5 

§ !° . ° .d_f   1  o w _ a n d _ T e m £ e r   a  t u r e _   D i s t r i b u t i o n  

1 3 3  Both   t h e   Xe  c l e a r a n c e   m e t h o d   u sed   f o r   a 

q u a n t i t a t i v e   m e a s u r e m e n t   of  p e r f u s i o n   in  s u p e r f i c i a l  

10  t u m o u r s   and  the   m e a s u r e m e n t   of  s c a t t e r i n g   o f  

u l t r a s o u n d   by  b l o o d   f l o w i n g   in   b r e a s t   c a n c e r s ,   s h o w  

t h a t   most  s u p e r f i c i a l   t u m o u r s   have   a  c o n s i d e r a b l y  

l o w e r   f l o o d   f low  t h a n   t h a t   in  t h e   s u r r o u n d i n g   n o r m a l  

t i s s u e .   F r e q u e n t l y ,   a  t u m o u r   has   a  w e l l   p e r f u s e d  

15  a d v a n c i n g   f r o n t   and  a  n e c r o t i c   c e n t r e .   T h i s  

i n h o m o g e n e i   ty  in  b l o o d   f l o w   in  t u m o u r s   makes  i t  

d i f f i c u l t   f o r   a  f o c u s s e d   c o n v e r g e n t   t r a n s d u c e r ,   e i t h e r  

f i x e d   in  p o s i t i o n   or  mov ing   a r o u n d   t he   t r e a t m e n t  

f i e l d ,   to  a c h i e v e   a  u n i f o r m   t e m p e r a t u r e   d i s t r i b u t i o n  

20  in  t he   who le   tumour   s i m u l t a n e o u s l y .   M o r e o v e r ,   i n  

p r a c t i c e ,   i t   is  not  e a s y   to  c o n c e n t r a t e   the   e n e r g y  

v e r y   a c c u r a t e l y   to  t he   t r e a t m e n t   zone   and  t h u s  

i n h o m o g e n e o u s   t e m p e r a t u r e   d i s t r i b u t i o n s   must  b e  

a c c e p t e d .   Th is   means  t h a t   a f t e r   t he   t r e a t m e n t   some  o f  



0 2 2 5 1 2 0  

-  31  -  

t he   c e l l s   in  t he   g r o w i n g   zone  may  s t i l l   be  v i a b l e ,   s o  

t h a t   c o m b i n a t i o n   of  c h e m o t h e r a p y   or  r a d i o t h e r a p y   w i t h  

h y p e r t h e r m i a   i s   e s s e n t i a l .  

5  From  t h e   c o m p u t e r   s i m u l a t i o n   c a l c u l a t i o n   t he   5 - e l e m e n t  

h y p e r t h e r m i a   u n i t   d e s c r i b e d   h e r e   can  c o v e r   a 

3 
s u p e r f i c i a l   t u m o u r   v o l u m e   of  abou t   38  cm  .  L a r g e r  

a r r a y s   can  c o v e r   f o r   100  to  200  cm3.  If  i t   i s   a s s u m e d  

t h a t   t h e   b l o o d   p e r f u s i o n   r a t e   in  a  t u m o u r   i s   o n l y   1 0 *  

10  of  t h a t   at  t h e   p e r i p h e r y ,   the   t e m p e r a t u r e   g r a d i e n t  

i n s i d e   t he   t u m o u r   w i l l   be  l e s s   than   2 .7   C.  pe r   cm  w i t h  

t he   t e m p e r a t u r e   maximum  4 8 . 4 ° C .   at  t he   n e c r o t i c   c e n t r e  

a f t e r   a b o u t   2  m i n u t e s   of  s o n i c a t i o n .   The  t e m p e r a t u r e  

d i s t r i b u t i o n   i s   f a i r l y   u n i f o r m .   The  t e m p e r a t u r e   o f  

15  t he   t i s s u e   o u t s i d e   t he   t umour   and  the   t i s s u e   at  ove r   5 

cm  d e p t h   f rom  t he   s k i n   a r e   below  the  t h e r a p e u t i c  

t e m p e r a t u r e   l e v e l ,   and  t h u s   no rmal   t i s s u e s   a r e   s p a r e d .  

T e m p e r a t u r e   d i s t r i b u t i o n s   i n s i d e   t i s s u e   w i l l   b e  

20  a f f e c t e d   hby  the   u l t r a s o u n d   i n t e n s i t y   d i s t r i b u t i o n .  

Where   t he   c e n t r a l   t r a n s d u c e r   in  the  a r r a y   i s   fed   w i t h  

a  v o l t a g e   w h i c h   i s   f i v e   t i m e s   h i g h e r   t h a n   t h a t   f e d  

i n t o   t h e   o t h e r   t r a n s d u c e r s .   The  r e s u l t s   of  t h e  

s i m u l a t i o n   show  t h a t   t he   s h a p e   of  the   t r e a t m e n t   v o l u m e  
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w i l l   be  e l l i p s o i d a l .   H o w e v e r ,   d i f f e r e n t   t r e a t m e n t  

p a t t e r n s   w i l l   be  p r o d u c e d   to  s u i t   d i f f e r e n t   c l i n i c a l  

c a s e s   by  a d u s t i n g   t he   r a t i o   of  v o l t a g e s   to  and  p o w e r s  

f rom  e a c h   t r a n s d u c e r .   T h i s   i s   c o n t r o l l e d   by  a  

5  t e m p e r a t u r e   s e n s i n g   e l e m e n t ,   or  e l e m e n t s   p o s i t i o n e d   i n  

or  a b o u t   t he   t u m o u r   t i s s u e .  

A c c u r a t e   m e a s u r e m e n t   of  t e m p e r a t u r e   d i s t r i b u t i o n  

i n s i d e   t he   t r e a t m e n t   vo lume   is   i m p o r t a n t   f o r  

10  s u c c e s s f u l   h y p e r t h e r m i a   t r e a t m e n t   and  r e q u i r e s   a n  

a r r a y   of  t h e r m o c o u p l e s   f o r   e x a m p l e   to  be  i n s e r t e d   i n t o  

t he   t m o u r .  

y § e _ o f   _  War  mz  Water   _ B a t h  

15  

The  use   of  a  w a r m - w a t e r   b a t h   o v e r   t he   t r e a t m e n t   f i e l d  

has  s e v e r a l   a d v a n t a g e s :   (1)  I t   m a i n t a i n s   a  c o n s t a n t  

s u r f a c e   t e m p e r a t u r e   to  m i n i m i z e   any  f l u c t u a t i o n   c a u s e d  

by  p h y s i c a l   e n v i r o n m e n t .   {2}  It  r e d u c e s   t he   r a d i a t i v e  

20  h e a t   l o s s   t h r o u g h   the   t u m o u r   s u r f a c e .   (3)  I t   a c t s   a s  

an  u l t r a s o u n d   c o u p l i n g .   (4)  I t   r e d u c e s   t he   t e m p e r a t u r e  

g r a d i e n t   b e t w e e n   the   s k i n   and  the   s u p e r f i c i a l   t u m o u r  

d u r i n g   l o c a l   h y p e r t h e r m i a .  
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Thus ,   t h e   t o t a l   u l t r a s o n i c   power   r e q u i r e d   can  b e  

r e d u c e d   but   t h e   t h e r a p e u t i c   t e m p e r a t u r e   l e v e l   c a n  

s t i l l   be  m a i n t a i n e d .   R e d u c i n g   u l t r a s o n i c   power   i s  

b e n e f i c i a l   to  t he   p a t i e n t   b e c a u s e   any  a c t u a l   o r  

5  p o t e n t i a l   s i d e - e f f e c t s   i n d u c e d   by  u l t r a s o u n d   w i l l   b e  

m i n i m i z e d .   H o w e v e r ,   t he   w a r m - w a t e r   b a t h   i t s e l f   c a n n o t  

a c h i e v e   a  t h e r m p e u t i c   e f f e c t   even   for   s u p e r f i c i a l  

n e o p l a s m s   b e c a u s e   t h e   h e a t   p e n e t r a t i o n   i s   not   d e e p  

e n o u g h   to  t r e a t   a  n e o p l a s m   and  the   h o t t e s t   p o r t i o n   i s  

10  t h e n   on  t h e   s k i n .   When  t he   d i v e r g e n t - t r a n s d u c e r   a r r a y  

is  u s e d   in  c o n j u n c t i o n   w i t h   t he   w a r m - w a t e r   b a t h ,   i t  

g e n e r a t e s   a  u n i f o r m   h e a t i n g   p a t t e r n   s u i t a b l e   f o r  

t r e a t i n g   s u p e r f i c i a l   t u m o u r s   l y i n g   b e t w e e n   0 .5   cm  a n d  

4  cm  b e l o w   t he   s k i n .  

1 5  

In  c o n c l u s i o n ,   a c c o r d i n g   to  t he   c a l c u l a t i o n s   of  t h e  

u l t r a s o n i c   f i e l d s   g e n e r a t e d   by  the   f i v e   d i v e r g e n t  

t r a n s d u c e r s   a r r a y   and  the   c o m p u t e r   s i m u l a t i o n   model   o f  

the   t e m p e r a t u r e   d i s t r i b u t i o n   i n s i d e   t u m o u r s ,   t h e  

20  h y p e r t h e r m i a   u n i t   of  the   i n v e n t i o n   p r o d u c e s   a 

r e l a t i v e l y   u n i f o r m   h e a t i n g   p a t t e r n   and  i s   a b l e   t o  

t r e a t   b i g g e r   t u m o u r   v o l u m e s   and  s p a r e   t he   s u r r o u n d i n g  

n o r m a l   t i s s u e s .   Thus  the   u n i t   is   p a r t i c u l a r l y  

s u i t a b l e   f o r   t r e a t i n g   s u p e r f i c i a l   t u m o u r s   l y i n g   a t  

25  b e t w e e n   0 .5   cm  and  4  cm  d e p t h   below  the   s k i n .  
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CLAIMS. 

1.  An  u l t r a s o u n d   h y p e r t h e r m i a   u n i t   i n c l u d i n g   a n  

u l t r a s o u n d   t r a n s d u c e r   a s s e m b l y   (1)  a n g l e d   to  d i r e c t   s o n i c  

5  e n e r g y   t o w a r d   a  t a r g e t   ( 8 ) ,  

c h a r a c t e r i s e d   in  t h a t   t he   a s s e m b l y   ( 1 )  

c o m p r i s e s   one  or  a  p l u r a l i t y   of  d i v e r g e n t   t r a n s d u c e r s  

(2)  a r r a n g e d   to  p r o v i d e   a  t r e a t m e n t   f i e l d   a b o u t   a 

c e n t r a l   a x i s .  

10 

2.  A  u n i t   a c c o r d i n g   to  c l a i m   1  c h a r a c t e r i s e d   by  a 

l i q u i d   b a t h   (5)  fo r   l o c a t i o n   b e t w e e n   the   a r r a y   (1)  a n d  

the   s k i n   (4)  of  the   p a t i e n t ,   s a i d   l i q u i d   b a t h   b e i n g  

a d a p t e d   to  warm  the   s u p e r f i c i a l   t i s s u e s .  

15 

3.  A  u n i t   a c c o r d i n g   to  c l a i m   2  c h a r a c t e r i s e d   by  

t e m p e r a t u r e   s e n s i n g   means  (10)   fo r   o p e r a t i v e  

a s s o c i a t i o n   w i t h   the  a r r a y ,   and  a d a p t e d   to  p r o v i d e   a n  

o u t p u t   s i g n a l   i n d i c a t i v e   of  t e m p e r a t u r e   v a l u e s  

20  a d j a c e n t   t he   t a r g e t   t u m o u r ,   an  o u t p u t   s i g n a l   b e i n g  

u t i l i z e d   to  c o n t r o l   t he   power   o u t p u t   of  t h e  

t r a n s d u c e r s   . 
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4.  A  u n i t   a c c o r d i n g   to  c l a i m   2  c h a r a c t e r i z e d   i n  

t h a t   t h e   b a t h   i s   f o r m e d   in   p a r t   of  a  f l e x i b l e   m e m b e r ,  

and  in   t h a t   t he   b a t h   can  c h a n g e   i t s   s h a p e   to  m o d i f y  

t h e   d i s t a n c e   b e t w e e n   t he   a r r a y   and  t he   s u p e r f i c i a l  

5  t i s s u e s .  

5.  A  u n i t   a c c o r d i n g   to  any  p r e c e d i n g   c l a i m  

c h a r a c t e r i s e d   in  t h a t   t he   a s s e m b l y   c o m p r i s e s   a 

p l u r a l i t y   of  d i v e r g e n t   t r a n s d u c e r s   (2)  a r r a n g e d  

10  r a d i a l l y   of  t he   c e n t r a l   a x i s ,   and  has  a  t r a n s d u c e r   ( 3 )  

c o a x i a l   w i t h   t he   c e n t r a l   a x i s .  

6.  A  u n i t   a c c o r d i n g   to  c l a i m   5  c h a r a c t e r i s e d   in  t h a t  

s a i d   t r a n s d u c e r s   ( 2 . 3 )   a r e   i n t e r s p e r s e d   w i t h   one  o r  

15  more   i m a g i n g   or  t e m p e r a t u r e   s e n s i n g   t r a n s d u c e r s .  

7.  A  u n i t   a c c o r d i n g   to  any  p r e c e d i n g   c l a i m  

c h a r a c t e r i z e d   in   t h a t   a  s e l e c t e d   t r a n s d u c e r   ( 2 . 3 )   i s  

u t i l i z a b l e   i n t e r m i t t e n t l y   in  a  s e n s i n g   r o l e .  

20  

8.  A  u n i t   a c c o r d i n g   to  any  p r e c e d i n g   c l a i m  

c h a r a c t e r i z e d   by  means   f o r   the   c o n t r o l   of  u l t r a s o u n d  

f r e q u e n c y   w h e r e b y   h a r m o n i c ,   h i g h e r   h a r m o n i c   o r  

s u b - h a r m o n i c   f r e q u e n c i e s   can  be  s e l e c t e d   as  a  c o n t r o l  
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f u n c t i o n   to  a l t e r   t e m p e r a t u r e   d e p t h   c h a r a c t e r i s t i c s   o f  

t he   u n i t .  

9.  A  u n i t   a c c o r d i n g   to  any  of  t he   p r e c e d i n g   c l a i m s  

c h a r a c t e r i s e d   in  t h a t   a  l i q u i d   l e n s   i s   a s s o c i a t e d   w i t h  

e a c h   t r a n s d u c e r   to  vary   t h e   f o c a l   l e n g t h   and  f o c a l  

v o l u m e   of  t he   u n i t .  
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